Most of the colour reactions described for formaldehyde require severe conditions incompatible with the preservation of biological material, although consistent results can be obtained where complete destruction of this material can be tolerated (MacFadyen, 1945) . Examples of such reactions are those employing chromotropic acid in hot strong sulphuric acid (Eegriwe, 1937) , phenylhydrazine and ferricyanide in strong hydrochloric acid (Kersey, Maddocks & Johnson, 1940) and various tests quoted by Walker (1944) , some using alkaloids and strong mineral acid and others using phenols and strong alkali. It would be convenient to have at least one colorimetric reaction that could be carried out under less violent conditions. It might also be desirable to preserve biological material on which an estimate of formaldehyde content was required, and from which the taking of samples was inconvenient or impossible.
In the course of work on the neutralization of formaldehyde in living bacterial suspensions, it was found that a yellow colour developed with acetylacetone in the presence of ammonium salts and, less rapidly, in the presence of glycine. This appeared to give a possible alternative to the reactions mentioned above and, as has already been briefly reported (Nash, 1952) , was traced to the formation of 3:5-diacetyl-1:4-dihydrolutidine. Two-stage syntheses of this substance have been described using concentrated reagents and catalysts (Scholtz, 1897; Schneider & Sanger, 1903) , but for the particularly simple molecules concerned the reaction can be quantitative for traces of formaldehyde under quite mild conditions. General description of the reaction and its product When traces of formaldehyde are added to approximately neutral solutions of acetylacetone and ammonium salt, a yellow colour gradually develops owing to the synthesis of diacetyldihydrolutidine (DDL) . Under optimum conditions the molecular extinction in terms of formaldehyde has a smooth maximum of 8000 at 412 m,., independent of dilution. The absorption curve is shown in Fig. 1 , and was obtained using reagent A (see below); this has since been somewhat modified, but the effect on the absorption curve should be negligible. It can be seen that a good separation is obtained between the absorption maximum of DDL and the first absorption band ofacetylacetone. The position of this curve coincided with that obtained from solutions of recrystallized DDL itself in water, but the molecular extinction of the latter was never greater than 7700. This difference is probably due to changes in the crystals, since after keeping they become more and more difficult to dissolve. The DDL molecule is probably polar, both in solution and in the crystals. The structure (a) accounts satisfactorily for its insolubility in ether, (-) Effect of pH and reagent compo8ition The reaction at low formaldehyde concentrations appears to be most nearly quantitative at pH 5'5-6-5. In one experiment with ammonium phosphate buffer kept molar in ammonia, and with OO1M-acetylacetone, the relative yields measured on a colorimeter were: pH 4, 75 %; pH 5, 94 %; pH 6, 100 %; pH 7, 96 % and pH 8, 87 %. The effect of varyingthe reagent composition is shown in Table 1 , which gives the efficiency as a percentage of that obtained with reagent B (see below). The approximate times for 99 % of the actual reaction at any composition are also given, deduced from absorptiometer readings by assuming a first-order law for the final stages of the reaction, i.e. that the rate of colour development is proportional to the amount remaining to be developed. Owing to fading, estimates for the longer times are not possible, but such solutions would not be generally used. It can be seen that the efficiency falls off much more rapidly with decreasing ammonia concentration than with decreasing acetylacetone concentration. In fact, high yields of DDL can be obtained with only traces of acetylacetone and of formaldehyde, provided that sufficient ammonium salt is present. The practical range, however, can be seen to be restricted to ammonia concentrations between M and 0 1 M and acetylacetone concentrations between 0.1 and 0O001M.
Preparation and use of reagent It was found that colour production was slightly greater from acetate solutions than from phosphate. Since acetate solutions are usable in the presence of calcium and magnesium salts, if necessary, the following mixture should-be of general use 0 05m-acetic acid or 3 ml. to 1 l. water. 0-02 M-acetylacetone or 2 ml. J An earlier mixture, referred to as reagent A, contained five times as much acetylacetene, but this was found to be unnecessarily strong. Some of the results described below were obtained with reagent A, but the difference is negligible; the main reasons for reducing the acetylacetone concentration were that the zero absorption would be less (see below on sensitivity), that the reagent should keep longer (see below on stability) and that the reagent should be less toxic to living material.
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. (Fig. 2) , and in fact the times for 99 % completion, calculated from unimolecular plots, follow the Arrhenius relation closely (Fig. 3) . The reduction in the time required for 99 % completion at higher temperatures can then be estimrated; for example, reagent B at 370 should take only 40 min. and at 580, 5 min. The shape of the early part of the reaction curve is also changed as the temperature is raised (Fig. 4) .
If the reaction is considered for the detection, rather than the estimation, of formaldehyde, it should be noted that all the components of the reagent are volatile, and that DDL crystals are strongly fluorescent under soft ultraviolet light. Stability of reagent The addition of strong ammonium acetate to solutions of acetylacetone causes a slow shift of the edge of the first ultraviolet absorption band towards the visible. This shift has stabilized in 24 hr.
at about 18 mp. from its original position, the solution still remaining colourless to the eye. The extent to which the shift has proceeded at intermediate times has no effect on the final absorption in the blue caused by the addition of formaldehyde, but merely affects the shape of the reaction curve (Fig. 2) . It was found that after 2 weeks at 20°, reagent A developed a feral odour and readings from it had dropped to 92 % of those from fresh reagent. Reagent B, on the other hand, appeared to be unchanged. Sensitivity For a given amount of formaldehyde the extinction in the present method is only one-third of that obtained in the chromotropic acid reaction at 570 m,. (MacFadyen, 1945) . However, this is not a true measure of comparative sensitivity because the absorption of control solutions is higher for chromotropic acid. MacFadyen (1945) Amines can compete with ammonia in the Hantzsch reaction, though generally the rate of reaction is much less. It was found that 01 Mmethylamine caused 4 % loss, and 0 1 M-ethylenediamine 20% loss, of determined formaldehyde. Hexamethylenetetramine is gradually decomposed, yielding 80 % of its formaldehyde on heating with reagent A for 2 hr. at 85°. Glycine does not interfere unless very concentrated.
Polymers of formaldehyde react slowly, probably by release of monomer. Paraformaldehyde gives a fairly rapid, but only partial, reaction. There appears to be at least one volatile polymer present in commercial 40 % formalin which is completely unreactive, and which causes estimates of vapour concentration over formalin solutions to come out several times greater if measured by chromotropic acid, than with the present method. On the other hand, good agreement was obtained between the present method and Romijn's iodine method, as applied by Blair & Ledbury (1925) in similar estimations.
Periodate destroys the colour, but this can be prevented by the addition of excess iodine, followed immediately by excess thiosulphate.
Sulphites prevent the reaction in quite low con- The simple code names adopted refer to the different substituents in the basic ring system, HH referring to the ring methylene, HMe to the ring methyl-methylene, Me to the methyls of the acetyl groups and OEt to the ethoxy groups of the ester side chains. See also Figs. 5 and 6. One recrystallization from ethanol was sufficient to give a product whose melting point agreed with that given in the literature, but up to three more were required before the colour of the crystals did not change further. There was also a marked increase in the fluorescence, particularly in the last compound (HMe/OEt). The melting points were also raised slightly, particularly the first compound (HH/Me, or DDL). These are given in Table 3 Table 2 .
SUMMARY
A colour reaction for formaldehyde is described which depends on the synthesis of diacetyldihydrolutidine from acetylacetone and formaldehyde in the presence ofexcess of ammonium salt. The conditions are mild enough to allow of its use with living material, and its sensitivity and degree of specificity are comparable to those of other reactions requiring more severe conditions.
